Theory-of-mind (ToM) ability is foundational for successful social relationships, and dependent on a neurocognitive system, which includes temporoparietal junction and medial prefrontal cortex. Schizophrenia is associated with ToM impairments, and initial studies demonstrate similar, though more subtle deficits, in unaffected first-degree relatives, indicating that ToM deficits are a potential biomarker for the disorder. Importantly, the social consequences of ToM deficits could create an additional vulnerability factor for individuals at familial high risk (FHR). However, behavioral studies of ToM are inconsistent and virtually nothing is known about the neural basis of ToM in FHR or the relationship between ToM and social functioning. Here, FHR and non-FHR control participants underwent functional MRI scanning while reasoning about a story characters thoughts, emotions or physical appearance. Afterwards, participants completed a 28-day online daily-diary questionnaire in which they reported daily social interactions and degree of ToM reasoning. FHR participants demonstrated less neural activity in bilateral temporoparietal junction when reasoning about thoughts and emotions. Moreover, across all participants, the degree of neural activity during ToM reasoning predicted several aspects of daily social behavior. Results suggest that vulnerability for schizophrenia is associated with neurocognitive deficits in ToM and the degree of deficit is related to day-to-day social functioning.
INTRODUCTION
Social dysfunction is arguably one of the most important and least understood risk factors for schizophrenia. Young people with a firstdegree relative with schizophrenia [i.e. those at familial high risk (FHR)] have less social interest and activities, worse peer relationships, and fewer friends than people without familial risk (Dworkin et al., 1991 (Dworkin et al., , 1993 Cornblatt et al., 1992; Hans et al., 2000; Miller et al., 2002; Johnstone et al., 2005; Glatt et al., 2006) . These social problems are apparent in childhood/pre-adolescence and prospectively predict schizophrenia diagnosis (Tarbox and Pogue-Geile, 2008) . Pre-morbid social deficits might not only indicate underlying neurobiological abnormalities associated with schizophrenia pathology but might also contribute to illness progression. Lack of social support exposes vulnerable individuals to the negative impact of stressful life-events, and both interpersonal conflicts and social isolation precipitate and exacerbate psychotic symptoms (Horan et al., 2006; Hoffman, 2007; Hooley, 2007) . Together the evidence suggests that, among FHR, a population already at elevated risk for psychosis (Gottesman, 1991) , social functioning could serve as a marker of vulnerability and a target for preventive intervention. However, most social functioning assessments reflect the long-term outcome of social interactions overtime, and little is known about the behavioral and neural mechanisms that influence day-to-day social interactions and their contribution to functional outcome in FHR. As a result, it is unclear what social phenomenon would best indicate psychosis-risk and provide the greatest benefit if improved through preventive intervention.
Theory of mind (ToM), the ability to identify the mental states of others (i.e. beliefs, intentions, emotions) and understand how those mental states motivate behavior, is foundational for successful social interactions. ToM skills can be assessed with laboratory-based experiments, such as the False-Belief task, that require predicting a person's behavior based on their mental state (Wimmer and Perner, 1983) . Such tasks require mental state reasoning (i.e. using mental state information to predict future mental states or actions) which is a skill that engages different cognitive and neural processes than mental state decoding (i.e. detecting mental states based on currently available information, such as facial affect) (Tager-Flusberg and Sullivan, 2000; Sabbagh, 2004) . Mental state reasoning recruits a network of neural regions, including medial prefrontal cortex (MPFC), temporoparietal junction (TPJ) [including posterior superior temporal sulcus (STS) and superior temporal gyrus), and precuneus (PC) (Van Overwalle, 2009; Mar, 2011) . Individuals with schizophrenia exhibit marked behavioral impairment in ToM, particularly mental state reasoning (Sprong et al., 2007; Bora et al., 2009a) , and its concomitant neural substrates, particularly TPJ and MPFC (Brunet et al., 2003; Brune et al., 2008; Lee et al., 2011; Das et al., 2012; Dodell-Feder et al., 2014) . Among individuals with schizophrenia, behavioral performance on ToM tasks significantly predicts functional outcome (Fett et al., 2011) , and neural deficits in TPJ and MPFC are related to both performance on ToM tasks and engagement in ToM to enhance relationships in daily life (Hooker et al., 2011) .
Behavioral impairment in ToM has also been observed in individuals at clinical high risk (Kim et al., 2011; Green et al., 2012; Thompson et al., 2012) and FHR for schizophrenia (Janssen et al., 2003; Versmissen et al., 2008; Anselmetti et al., 2009; de Achaval et al., 2010; Montag et al., 2012) . Preliminary evidence also exists that individuals at clinical high risk exhibit neural abnormalities in the network supporting mental state reasoning (Brune et al., 2011) . Together, these data suggest that ToM is not only an intermediate phenotype for schizophrenia-spectrum disorders (Gottesman and Gould, 2003; Bora et al., 2009b) but also a potentially remediable social cognitive skill that influences social interactions and their cumulative effect on functional outcome (Kurtz and Richardson, 2012) .
Although ToM has been proposed as a vulnerability marker (Bora and Pantelis, 2013) , the current data in FHR and other HR populations are inconclusive. Several studies found no behavioral ToM differences between FHR and non-FHR (Kelemen et al., 2004; Gibson et al., 2010; Bora and Pantelis, 2013) . Furthermore, no FHR studies have linked ToM processing to social functioning, or neural measures to either ToM performance or social functioning. One problem is that most behavioral ToM measures are not adequately challenging for adults without severe mental illness, and, therefore, not sensitive enough to accurately characterize the range of individual abilities or detect subtle group differences when they exist (see Dodell-Feder et al., 2013 for a discussion). Additionally, FHR may be differentially impaired depending on the type of ToM task used. For example, a recent meta-analysis (Bora and Pantelis, 2013) indicated that FHR are more likely to exhibit impairment on mental state reasoning tasks than mental state decoding tasks (e.g. de Achaval et al., 2010; Eack et al., 2010b) .
Presumably, ToM deficits in FHR stem from genetic influences on neural systems that support ToM processing, so neural measures may be more sensitive than behavioral measures. Nonetheless, focusing exclusively on group differences between FHR and non-FHR is problematic. Only a small percentage of FHR individuals will develop psychosis (Gottesman and Shields, 1982; McGuffin et al., 2004) or exhibit deficits on intermediate phenotypes (Keshavan et al., 2010) , such as ToM. FHR individuals may also develop unique compensatory strategies that conceal behavioral deficits and/or obscure neuroimaging group effects. Consequently, although meaningful abnormalities exist, the group averages for FHR and non-FHR may not be significantly different.
The only FHR study that investigated neural function during ToM reasoning (Marjoram et al., 2006) found no neural activity differences between FHR and non-FHR controls. However, compared with FHR with past or current psychotic symptoms, FHR without psychotic symptoms had greater activity in dorsal MPFC as well as several regions not typically associated with ToM. FHR without psychotic symptoms also activated most regions more than non-FHR controls, suggesting that this subgroup of FHR recruited compensatory neural mechanisms (i.e. non-ToM processes) and over-activated regions due to additional effort and/or inefficient neural processing. These findings illustrate the variability of ToM-related neural dysfunction and the difficulty identifying its source. As FHR individuals demonstrate neural abnormalities in multiple brain regions associated with several cognitive domains, including language (Francis et al., 2012) , working memory (Whitfield-Gabrieli et al., 2009) and cognitive-control (Becker et al., 2008) , neural abnormalities during a ToM task could arise for a variety of reasons and have different effects on behavior. To understand the potential value of ToM assessments, it is essential to isolate neural activity specific to ToM processing (rather than activity reflecting a secondary process) and measure how variation in ToMrelated activity predicts variation in real-life social behaviors that are supported by ToM skills.
This study used a multi-method approach that optimized assessment of individual differences to investigate whether ToM-related neural activity prospectively predicts social behavior over a 4-week period. While undergoing functional MRI (fMRI), young adult FHR and non-FHR control participants performed a mental state reasoning task that involved reading short vignettes about another person's thoughts, emotions, or appearances, and used this information to judge the likelihood of future behavior (Saxe and Powell, 2006) . Behavioral responses were made purposefully easy in order to avoid confounds which complicate data interpretation, such as betweengroup performance differences (Price and Friston, 1999) . Appearance stories contained information about people and thus allowed us to control for the presence of general social information. ToM-related neural processing was isolated by measuring activity during thought and emotion stories relative to appearance stories; thus, yielding neural measures of cognitive ToM (i.e. reasoning about beliefs) and affective ToM (i.e. reasoning about emotions). Comparing emotion stories vs thought stories measured activity specific to affective ToM.
To obtain the best estimate of each individual's ToM-related neural processing, we used the False-Belief task, which robustly activates the ToM network, to localize exact neural coordinates of ToM processing in each participant (Saxe and Kanwisher, 2003) . Although brain regions recruited for ToM are well-defined, the coordinates of peak activity within those regions vary across individuals . Thus, the use of individually tailored regions-of-interest (ROIs) allowed us to test our hypotheses in regions that were functionally defined as being selective for mental state information in each participant. We expected that ToM-related activity in the specific region that the participant uses for ToM would best predict that individual's social behavior. After the scan, participants completed a 28-day structured daily-diary questionnaire in which, every evening, they answered questions about the quantity and quality of social encounters that day. Assessing social behavior the day it occurs is more accurate and ecologically valid than commonly used retrospective reports covering prior weeks or months (Myin-Germeys et al., 2009) . Furthermore, the repeated assessment, each day for 28 days, provides a stable and reliable measure of each social phenomenon (Myin-Germeys et al., 2009) . Daily-diary questions assessed engagement in ToM skills, such as perspective-taking, and other social behaviors that are, theoretically, influenced by ToM skills. We predicted: (i) FHR would have less ToMrelated neural activity than non-FHR in key regions of the ToM network, including bilateral TPJ and MPFC; and (ii) across all participants, ToM-related neural activity will predict daily engagement in ToM processing and enhanced social functioning.
METHODS

Participants
Nineteen FHR and 18 non-FHR individuals participated for monetary compensation (Table 1) . FHR status was defined as between 15 and 32 years of age (age-range of greatest psychosis-risk) with two or more affected relatives (at least one first-degree relative with schizophrenia or schizoaffective disorder and a second relative with a psychotic disorder). Requiring two affected relatives made it less likely that one ill relative was an environmental phenocopy or had a de novo mutation, thus increasing the certainty of genetic liability. FHR individuals were recruited through community advertisements and National Alliance on Mental Illness support meetings. Non-FHR had no family history of psychotic disorder, psychiatric hospitalization or suicide.
The Diagnostic Interview for Genetic Studies (Nurnberger et al., 1994) and Family Interview for Genetic Studies (Maxwell, 1996) were used to identify personal and family history of psychopathology. Exclusion criteria for all participants: past/current DSM-IV Axis-I psychotic disorder (schizophrenia, schizoaffective disorder, psychosis-NOS, substance-induced psychosis, or bipolar/major depressive disorder with psychotic features); past/current treatment with antipsychotics or mood stabilizers; IQ < 70, non-native English speaker, MRI contraindicators. FHR is associated with elevated rates of multiple psychiatric disorders (Erlenmeyer-Kimling et al., 1997; Kendler and Gardner, 1997; Chang et al., 2002; Keshavan et al., 2004) ; thus, to increase external validity of our sample, FHR and non-FHR participants were not excluded for past/current psychopathology other than disorders listed above.
Mood state was assessed with the Beck Depression Inventory-II (BDI-II) (Beck et al., 1996) and State-Trait Anxiety Inventory (STAI) (Speilberger, 1983) . Psychotic-like symptoms and traits were measured with the Structured Interview for Prodromal Syndromes (SIPS) (Miller et al., 2003) . IQ was assessed with Wechsler Abbreviated Scale of Intelligence (Wechsler, 1999) . Participants gave written informed consent in accordance with Harvard University Institutional Review Board.
FMRI tasks
Person-Description During scanning, participants read short stories 1 describing either a protagonist's thoughts, emotions or physical appearance (without reference to beliefs or emotions), and then judged (Yes/No) whether a statement made sense in the context of the story (Table 2) (Saxe and Powell, 2006) . Stories were matched on low-level linguistic features including number of words/sentences, word frequency and Flesch reading-level (Flesch, 1948) . Each trial included the story (10 s), Yes/No judgment (5 s), and fixation-cross/rest-period (12 s). Ten stories per condition were divided evenly across five functional runs.
False-Belief
After Person-Description, participants completed two runs of the False-Belief task that required participants to read and make True/False judgments on 10 False-Belief and 10 False-Photograph/Map stories (Table 2) (Saxe and Kanwisher, 2003) . False-Belief and False-Photograph stories both require the representation of false content. In False-Belief stories, the false content is beliefs; in False-Photograph stories, the false content is physical information. Each trial included the story (11 s), True/False question (6 s), and fixation-cross/rest-period (12 s). Each participant's results from this task were used to identify individually defined ROIs.
For each task, stories were presented in a pseudo-randomized order; condition order was counterbalanced across runs and participants with two predetermined sequences. Stimuli were presented in white font on a black background with Matlab 7.6 using Psychophysics Toolbox extensions (Brainard, 1997; Kleiner et al., 2007) . Accuracy and reaction time (RT) data were collected. Participants were instructed to perform as accurately as possible.
MRI acquisition and analysis
Data were collected on a 3Tesla Siemens scanner at Harvard University using a 12-channel head coil, and analyzed using SPM8 (http://www. fil.ion.ucl.ac.uk/spm/). Anatomical images were acquired using a T1-weighted multi-echo MPRAGE sequence (176 sagittal slices, slice thickness ¼ 1.0 mm). Functional data were collected with echo-planar images acquired in the oblique-axial plane with whole-brain coverage (40 interleaved slices, 3 Â 3 Â 3 mm voxels, TE ¼ 30 ms, TR ¼ 2560 ms, flip angle ¼ 858, FOV ¼ 216 mm Â 216 mm, matrix size ¼ 72 Â 72). The first four volumes consisted of dummy scans discarded prior to analysis to ensure steady-state magnetization. Preprocessing included realignment to the mean functional image, coregistration of the anatomical image to the mean functional image, normalization to Montreal Neurological Institute (MNI) template-space, 
When applicable, values represent means with standard deviations in parentheses. MDD, major depressive disorder; ADHD, attention deficit hyperactivity disorder. c Individuals were diagnosed with the following: MDD and anxiety (n ¼ 2), MDD and ADHD (n ¼ 1), MDD, anxiety, ADHD and substance abuse (n ¼ 1).
d Data were not collected for 1 FHR and 1 non-FHR participant.
e Because these data were non-normally distributed, these variables were compared with nonparametric Mann-Whitney U-tests. resampling into 2 Â 2 Â 2 mm voxels and smoothing with a 6 mm Gaussian kernel.
Person-Description
For each subject, hemodynamic response was modeled at the onset of each story (10 s duration) and convolved with the canonical hemodynamic response function. Yes/No judgments and movement parameters were included as nuisance regressors. Data were high-pass filtered (128 s). Contrast files were created for Thought > Appearance, Emotion > Appearance, Emotion > Thought and each condition vs baseline (which consisted of a central, white fixation-cross on black background). We investigated recruitment of the ToM network within each group by conducting separate one-sample t-tests within FHR and within non-FHR participants for Thought > Appearance, Emotion > Appearance and Emotion > Thought. Group*condition interactions were investigated with 2 Â 2 mixed-design analyses of variance (ANOVAs) using SPM8 full factorial models. Three ANOVAs were conducted to identify group differences for Thought > Appearance, Emotion > Appearance and Emotion > Thought. As the neural basis of ToM in FHR is a new field, analyses of between-group differences were conducted at threshold of P < 0.001, k > 10, uncorrected for multiple comparisons to achieve a better balance between Type I and Type II error rates (Lieberman and Cunningham, 2009) . Regions that survive a correction for multiple comparisons at P < 0.001, corrected at the cluster-level to P < 0.05 using the CorrClustTh tool (http://www-personal.umich.edu/$nichols/JG5/ CorrClusTh.m), are indicated in Table 3 with asterisks (*).
False-Belief
Each participant's False-Belief > False-Photograph contrast, generated from a first-level GLM, was used to identify three ROIs in the ToM network: right temporoparietal junction (RTPJ), left temporoparietal junction (LTPJ) and MPFC. According to recent meta-analyses and review articles, these three regions are the most consistently active in fMRI studies of ToM processing in healthy individuals (Van Overwalle, 2009; Van Overwalle and Baetens, 2009; Mar, 2011) . Identifying functional ROIs in these three anatomical areas allowed us to characterize ToM-related processing in the specific regions that each individual subject recruited while engaging in mental state reasoning. Because these regions were defined as being selective for ToM, group differences in the response of these ROIs to the PersonDescription task should be associated with mental state reasoning, rather than a peripheral cognitive process that may be affected by familial-risk status (Poldrack, 2006; . Furthermore, the use of an independent task for functional localization allowed us to investigate ToM-related neural activity in a dataset not biased by the selection criteria (i.e. being functionally selective for mental state vs non-mental state information) (Kriegeskorte et al., 2009) . MNI coordinates of the individually defined ROIs averaged across participants are as follows:
ROIs were defined as all voxels within a 9 mm radius around the peak voxel identified at P < 0.001, k > 10, uncorrected for multiple comparisons. If unidentifiable at P < 0.001, the threshold was lowered iteratively (P < 0.005, 0.01, then 0.05) until the peak was visible (Bedny et al., , 2012 . We used this procedure, as opposed to discarding data from participants who did not activate a region at P < 0.001 (e.g. Saxe and Powell, 2006) , in order to characterize the full range of variation in these regions associated with mental state reasoning.
Contrast estimates of Person-Description conditions relative to the fixation-cross/rest-period (i.e. Thought > Baseline, Emotion > Baseline, and Appearance > Baseline) were extracted from each participant's individually defined ROIs. Contrast values in each voxel that defined the ROI were averaged together to derive a single value that represented neural activity in that ROI. The difference between conditions was calculated (i.e. Thought-Appearance, Emotion-Appearance, Emotion-Thought). These values were compared between groups with independent-sample t-tests, which resulted in nine comparisons (three contrasts from three ROIs). Statistical significance was set at P < 0.05 (two-tailed). We then used the adaptive Benjamini-Hochberg correction (Benjamini and Hochberg, 2000) , which controls the false-discovery rate, to evaluate whether group differences remained significant (P < 0.05) after correcting for multiple comparisons (i.e. nine tests conducted). Neural activity difference for each contrast (i.e. Thought À Appearance, etc.) was used to investigate the relationship between neural activity and daily-diary ratings.
Daily-diary
The online daily-diary was a questionnaire completed each evening (before bed) for 28 days after the scan. Individuals with <17 diarydays were excluded. Each day, participants were asked whether they had social interactions or interpersonal conflicts (Yes/No), and rated (one-to-five scale: 1 ¼ not at all; 5 ¼ extremely) the following aspects of ToM engagement and social functioning: perspective-taking, empathy, perspective-taking and empathy during interpersonal conflict, social motivation and enjoyment of socializing. Diary questions are listed in Table 4 .
Analysis of neural activity and daily-diary data
To investigate whether ToM-related neural activity predicted daily ToM engagement and social behavior, we used hierarchical linear models (HLMs), which are appropriate for hierarchically organized data. The structure of the diary-data was such that diary-day was nested within participants and participants were nested within groups. HLM allows the simultaneous assessment of variability at each level of the data, both within-and between-participants. These analyses were performed in SAS using the MIXED procedure.
Our hypothesis was that across all participants, ToM-related activity in individually defined ROIs would positively predict daily-diary reports of ToM engagement and social functioning. Thus, data were analyzed at the within-participants level to generate estimates of each participant's average level of a diary variable and the relationship between neural activity and a diary variable across each day of the diary. To evaluate whether the relationship between neural activity for ToM and social functioning was qualitatively different between non-FHR and FHR, we tested whether social functioning was predicted by the interaction of neural activity and group status. Said otherwise, we examined whether the within-participant relationships between neural activity and diary variable were a function of between-participant variables, namely group membership and extent of ROI activity (i.e. high vs low activity).
Neural activity in the three individually defined ROIs for Thought > Appearance, Emotion > Appearance and Emotion > Thought was entered (separately) as predictors for each daily-diary variable. For interaction models, neural data were grand-mean centered. Significant interactions were further explored with simple slopes analysis at the different levels of each between-participant variable; that is, high/low levels of neural activity (AE1 s.d. from the mean) within FHR and non-FHR (Aiken and West, 1991) . This analysis allowed us to investigate whether (i) differing levels of neural activity modulated social functioning within in each group, and (ii) group status modulated social functioning at high and low levels of neural activity.
The distribution of the data was inspected for normality and outliers (AE2.5 s.d. from the mean) prior to analysis. Sharpio-Wilk tests confirmed that the daily diary constructs did not significantly deviate from normality (all Ps > 0.29) (Supplementary Table S1 ). Two non- Statistical threshold is P < 0.001, k ¼ 10/80 mm, uncorrected for multiple comparisons. (À) in the cluster size column indicates that the region is included in the larger cluster listed above. Regions with an asterisk (*) survive correction for multiple comparisons at P < 0.001, corrected at the clusterlevel to P < 0.05. BA, Brodmann area; R, right, L, left.
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FHR neural values were identified as outliers and winsorized. Model residuals were visually inspected for homoscedasticity and normally distributed errors. All residuals were normally distributed. Regression models were used to investigate the relationship between each neural predictor (i.e. three contrasts from three ROIs) and each one of the five daily-diary social functioning variables, resulting in a total of 45 tests. The data were analyzed in this wayinstead of combining all ROI data into a single regression modelbecause it is not clear from the extant literature how individual regions within the ToM-network, which may be supporting different aspects of mental state attribution, relate to different aspects of social behavior. Analyzing the relationship between individual ROIs and social behavior provides a more detailed account of these associations, which we hope future work will build upon. Furthermore, a regression model combining all ROI data would have resulted in substantial multicollinearity.
Regression results are considered statistically significant at P < 0.05 (two-tailed). We then evaluated whether these results remained significant after correcting for the number of tests conducted. Multiple test correction was implemented using the adaptive Benjamini-Hochberg procedure (Benjamini and Hochberg, 2000) , which we used to control the false-discovery rate at P < 0.05 in two ways. First, we corrected for the number of diary variables predicted by each ROI, resulting in a correction for five tests. Second, we corrected for the total number of HLMs performed, resulting in a correction for 45 tests. Analyses that survive each correction are indicated in Table 5 and Supplementary Tables S3  and S4 .
RESULTS
Participant characteristics and behavioral performance
There were no differences between FHR and non-FHR on demographic characteristics or IQ (Table 1) . FHR reported higher depression on the BDI-II. As is characteristic of this population, FHR had more psychoticlike symptoms on the SIPS (Tarbox and Pogue-Geile, 2011) . On the Person-Description task, accuracy was high and there was no betweengroup difference. On the False-Belief task, FHR individuals were slower making True/False judgments on False-Belief stories.
FMRI results
ROI analysis
Our main analyses focused on whether there existed group differences in a priori regions of the ToM network, namely bilateral TPJ and MPFC. Toward that end, we investigated neural activity in regions that were individually defined from the False-Belief task for each contrast of the Person-Description task. FHR exhibited a significantly smaller magnitude of difference than that of non-FHR for Thought > Appearance in RTPJ, t (35) Descriptive information for the online daily-diary questionnaire, including daily-diary variables, alpha coefficients for internal consistency and average ratings. All questions were rated on a one-to-five scale (1 ¼ not at all; 5 ¼ extremely). comparisons. No group differences were observed between-groups for Emotion > Thought in any ROI (all Ps > 0.147).
Whole-brain analysis One-sample t-tests confirmed that the Thought > Appearance and Emotion > Appearance contrasts robustly recruited the ToM network, including RTPJ, LTPJ and MPFC within each group (Table 3, Figure 2 ). In non-FHR, the Emotion > Thought contrast revealed significant activations in regions associated with emotion processing including MPFC, right precentral gyrus, bilateral postcentral gyrus and left supramarginal gyrus. FHR did not activate these regions for Emotion > Thought. Group*condition ANOVA results demonstrated reduced recruitment of the ToM network in FHR at an uncorrected threshold (Table 3 , Supplementary Figure S2) . Specifically, compared with non-FHR, FHR demonstrated reduced recruitment of RTPJ for Thought > Appearance and Emotion > Appearance. FHR also showed reduced recruitment of ToM and emotion processing regions, for Emotion > Thoughts in right ventral MPFC/orbitofrontal cortex, right postcentral gyrus and right putamen. Regions that showed an interaction in the unexpected direction are reported in Table 3 . None of these differences remained significant when correcting for multiple comparisons.
Daily-diary
Fifteen FHR and 17 non-FHR had complete daily-diary data (four FHR declined participation; one non-FHR completed <17 days). Number of diary-days did not differ between-groups [M(s.d.): non-FHR ¼ 25(3), FHR ¼ 24(3), t(30) ¼ 1.58, P ¼ 0.12]. Daily-diary averages are reported in Table 4 . Analyses examined three questions.
Does FHR status predict daily social behavior?
Group status did not significantly predict any of the daily-diary variables. There was a trend-level relationship showing that FHR reported less enjoyment from socializing (P ¼ 0.07). Otherwise, there was no indication that FHR, as a group, had worse social functioning than that of non-FHR (Supplementary Table S2 ).
Does ToM-related neural activity predict daily social behavior? Neural activity for each contrast in each ROI was investigated as a separate predictor of daily-diary ratings of social behavior. Results are shown in Table 5 , Figure 3 , Supplementary Tables S3 and S4.
Thought > Appearance. Neural activity for Thought > Appearance in individually defined ROIs did not predict any of the daily-diary social functioning variables (Supplementary Table S3 ).
Emotion > Appearance. As expected, ToM-related neural activity for Emotion > Appearance was related to better social functioning. Specifically, greater RTPJ activity for Emotion > Appearance predicted higher daily-diary ratings for enjoyment of socializing and social motivation. Greater LTPJ activity predicted more enjoyment of socializing and more perspective-taking and empathy during conflict. Greater MPFC activity also predicted more enjoyment of socializing and more perspective-taking and empathy during conflict.
Results that survive correction for multiple comparisons by controlling the false-discovery rate at P < 0.05 are indicated in Table 5 .
Emotion > Thought. Higher levels of activity for Emotion > Thought (i.e. affective ToM vs cognitive ToM) in RTPJ and MPFC were related to more daily empathy. Additionally, greater RTPJ activity predicted more daily perspective-taking.
Is the relationship between neural activity and social functioning different for FHR and non-FHR? Thought > Appearance. The interaction of group and neural activity from Thought > Appearance did not predict any social variables (Supplementary Table S4 ).
Emotion > Appearance. The interaction of group and neural activity from Emotion > Appearance did not predict any social variables (Supplementary Table S4 ).
Emotion > Thought. The interaction of group and MPFC activity for Emotion > Thought was significantly related to social motivation. The interaction was further examined using simple slopes analyses (Aiken and West, 1991) . Results showed that MPFC activity was moderately related to social motivation for FHR (b ¼ 0.12, t ¼ 1.87, P ¼ 0.07); FHR participants with more MPFC activity had more social motivation. However, MPFC activity did not significantly predict social motivation for non-FHR participants (b ¼ 0.08, t ¼ 1.16, P ¼ 0.25). Among people with low MPFC activity, FHR participants had significantly less social motivation than that of non-FHR (b ¼ 0.25, t ¼ 2.07, P ¼ 0.05). Among people with high MPFC activity, there was no difference in Because FHR reported higher BDI-II scores, analyses were conducted a second-time controlling for depression; these results are reported in Supplementary Tables S5 and S6 . Briefly, results from the ROI analyses were unchanged with one exception: controlling for depression revealed that FHR had lower activity than that of non-FHR in MPFC for Emotion > Appearance (P ¼ 0.02) and Emotion > Thought (P ¼ 0.057). We did not observe these differences when depression was not used as a covariate. In the daily-diary analysis, the relationship between MPFC and LTPJ (Emotion > Appearance) and perspectivetaking and empathy during conflict was no longer significant. All other findings were unchanged suggesting that, by and large, group differences and the relationship between neural activity for ToM and daily social functioning are independent of mood.
DISCUSSION
This study found that being at FHR for schizophrenia is associated with disruption to the underlying neural network for ToM and that recruitment of this network for affective ToM (i.e. reasoning about emotions) is associated with real-world social behavior. Analysis of neural activity in individually defined ROIs demonstrated that FHR had reduced recruitment of the ToM network, most notably, bilateral TPJ when processing thoughts and emotions compared with physical appearances. Across all participants, neural activity during affective ToM prospectively predicted social behavior over the following 28 days, including daily ratings of perspective-taking, empathy, social motivation, enjoyment of socializing and using ToM skills during interpersonal conflict. None of these social behaviors was predicted by FHR group status. The linear relationship between ToM-related activity and social functioning across all participants, with FHR in the lower-end of the distribution, was the most consistent finding; however, social motivation was predicted by the interaction of group and neural activity with a pattern indicating that low ToM-related neural activity had a more detrimental effect on social motivation for FHR than non-FHR participants.
These results suggest that the genetic vulnerability for schizophrenia manifests as disruption to brain regions recruited for ToM and that disruption to this neural circuit is a measurable contributing factor to the social problems characteristic of FHR and shown to predict psychosis (Tarbox and Pogue-Geile, 2008) . The findings provide foundational evidence that ToM has potential as a marker of psychosis-risk and functional outcome. Despite prior evidence that social deficits, particularly in FHR, robustly predict schizophrenia-spectrum disorders (Tarbox and Pogue-Geile, 2008) , it has been unclear how to implement this information in early identification and prevention efforts. Most measures of social deficits assess broad indicators of functioning, which are influenced by multiple factors and easily biased by retrospective reports. Our results demonstrate that ToM is a proximal, quantifiable neurocognitive process that varies dimensionally and predicts meaningful aspects of social behavior. Considered alongside ToM dysfunction in schizophrenia (Hooker et al., 2011) , autism (Chung et al., 2013) and other disorders (Bora et al., 2009b) , the findings indicate that, eventually, identifying the dimensional boundaries of normal and abnormal ToM-related neural function could inform the assessment and treatment of social deficits among healthy, disordered and at-risk populations.
In this study, the fMRI lab-based neural measure of affective ToM processing predicted real-life ToM processing, including the daily use of ToM skills, such as perspective-taking to understand others' pointsof-view, as well as the emotions generated after using those skills, such as compassion for another's distress. Neural activity in all three ROIs during the affective ToM condition predicted real-life ToM processing as measured in the daily-diary. RTPJ and MPFC showed the strongest relationships. Across all participants, RTPJ activity for affective ToM vs cognitive ToM was related to daily perspective-taking and empathy; MPFC activity for this contrast also predicted daily empathy, and MPFC activity for affective ToM vs appearance predicted the use of perspective-taking and expression of empathy during interpersonal conflict. These data indicate that our lab-based assessment of affective ToM accurately estimated the use of ToM processing to enhance relationships in real-life. The findings also suggest that affective ToM, which predicted perspective-taking, empathy (and nearly all other social behaviors we measured), facilitates social relationships more than cognitive ToM.
These findings add to a growing literature, primarily with healthy adults, showing that greater RTPJ and MPFC activity during affective ToM is related to more perspective-taking (Hooker et al., 2008) , empathic accuracy (Zaki et al., 2009 ) and empathic/prosocial behavior in daily-life (Masten et al., 2011; Rameson et al., 2012) . Similarly, among individuals with schizophrenia, those with more gray matter volume (GMV) in MPFC self-reported more perspective-taking, were clinician-rated as having better perspective-taking skills and more empathy in their interpersonal relationships, and performed better on an affective ToM task (Hooker et al., 2011) .
Our other daily-diary measures were developed with the idea that good ToM skills create more rewarding social interactions, and thus more motivation to socialize. Results are consistent with this idea. Greater RTPJ, LTPJ and MPFC activity during affective ToM predicted more enjoyment from socializing, including feeling liked by others and looking forward to socializing again. Greater RTPJ activity during affective ToM also predicted more motivation to socialize, regardless of social opportunities. These findings do not speak to the temporal sequence of social events, so additional research is needed to identify whether successful ToM processing leads to greater social reward and motivation. Nonetheless, our findings are consistent with prior research showing that individuals with greater GMV in right posterior STS/TPJ and MPFC have larger social networks (Lewis et al., 2011; Kanai et al., 2012b) and report less loneliness (Kanai et al., 2012a) .
Though we found the brain-behavior relationships to be largely the same for FHR and non-FHR, the relationship between MPFC activity and social motivation differed between groups. Specifically, MPFC activity influenced motivation to socialize more for FHR than non-FHR, and FHR with low MPFC activity had less motivation than that of non-FHR with low MPFC activity. This suggests that FHR with low MPFC activity may be especially vulnerable to social withdrawal and isolation; a contributing risk factor for schizophrenia (Tarbox and Pogue-Geile, 2008 ). However, only one such interaction was found, which did not survive correction for multiple comparisons. Thus, this relationship should be interpreted cautiously, as most results showed a direct relationship between activity and social functioning.
Although the functional ROI approach probably enhanced our ability to reveal relationships between ToM neural processing and social behavior, it also has limitations. The False-Belief task engages cognitive ToM processes, so emotion regions, engaged during affective ToM or mental state decoding tasks, were not identified as ROIs and thus not investigated in our analyses. Similarly, regions specific to schizophrenia pathology could influence social behavior but would not be identified by a ToM localizer. Notably, whole-brain analyses revealed group differences in two regions that have been implicated in both emotion processing and schizophrenia pathology, although at uncorrected thresholds. Right postcentral gyrus exhibited less differentiation between emotions and thoughts in FHR than non-FHR. Somatosensory deficits and inferior parietal abnormalities are implicated in schizophrenia pathology (Chang and Lenzenweger, 2005; Torrey, 2007) . Recruitment of right postcentral gyrus has been consistently implicated in aspects of emotion processing (Adolphs et al., 2000; Adolphs, 2002; Pitcher et al., 2008) and increased recruitment of this region post-cognitive training is associated with improved emotion recognition in schizophrenia (Hooker et al., 2012) . In addition, we found an unexpected interaction in the inferior frontal gyrus (IFG). Non-FHR demonstrated greater activation to the appearance vs thought condition, whereas FHR did not differentiate between the two. As IFG is recruited during mental state decoding with emotional faces (Sabatinelli et al., 2011) , this interaction may reflect FHR failing to engage regions associated with decoding, which is consistent with other work showing abnormalities in IFG during mental state decoding in individuals with schizophrenia (Russell et al., 2000; Mier et al., 2010; de Achaval et al., 2012) and FHR (de Achaval et al., 2012) . With that said, these group differences in the whole-brain analysis were not significant after correction for multiple comparisons and so should be interpreted cautiously.
Finally, our aim in using the daily-diary was to provide a detailed analysis of how neural activity is related to a range of social behaviors. Although the benefit is a nuanced picture of brain-behavior relationships, a limitation is the numerous tests conducted on a relatively small sample. When results for each neural predictor were corrected for the five tests used to examine all diary variables, the relationship between RTPJ and empathy remained significant, but the others did not, and none of the brain-behavior relationships remained significant when accounting for all tests performed. Additionally, although the dailydiary assessment is more ecologically valid than most social functioning measures, it is a self-report measure subject to self-perception biases. Future research may benefit from having friends or family report on the participant's behavior in way that addresses both frequency (e.g. how often the participant engaged in a social interaction or an empathic exchange) and performance (e.g. how well the participant performed in the social interaction or how accurate their attempts at empathy and validation were). Finally, there was a higher prevalence of psychopathology in the FHR group. This has the potential to complicate interpretation of the group differences as a function of familial risk vs manifest psychopathology. With that said, given the shared variance between the familial at-risk state and psychopathology, the exclusion of these individuals would have substantially undermined the external validity of this study. Furthermore, the analyses covarying out the effect of depression minimally changed the results of the ROI and daily-diary findings.
The relatively short time-frame of the study prohibits conclusions about causal relationships between neural deficits and social behavior. Nonetheless, the findings are consistent with proposals of an ongoing dynamic exchange between neural function and social experience (Hoffman, 2007; Subramaniam et al., 2012) . Theoretically, neural dysfunction in ToM, associated with FHR, could precipitate a cascade of events, including diminished interest and enjoyment of social relationships, ultimately, leading to social withdrawal. Absence of social contact could, in turn, cause deleterious neuroplastic reorganization in the ToM network, which further compromises social capacity and potentiates vulnerability to illness progression (Hoffman, 2007) . Research on the neural basis of ToM in individuals at risk for psychosis is in its infancy and more information is needed to understand brain-behavior dynamics over time. However, research in schizophrenia indicates that regions associated with ToM, such as MPFC, demonstrate neuroplastic response to social cognitive interventions (Eack et al., 2010a; Hooker et al., 2012) which predicts social functioning improvement (Lee et al., 2006; Subramaniam et al., 2012) . These findings suggest that, for psychosis-risk and perhaps other populations, behavioral interventions that engage ToM processing might promote neuroplastic changes that improve ToM-related neural function, enhance social competence, and, ultimately, yield more fulfilling social relationships. SUPPLEMENTARY DATA Supplementary data are available at SCAN online.
